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Hydrodynamics deals with the relation of flow, pressure, 
viscosity and segment diameter. An important concept in 
hydrodynamics is shear stress, which has been defined as the 
frictional force acting on a unit area in the wall of a conduit 
vessel, which is equal to the product of the viscosity 
coefficient and the wall shear rate; the latter is equal to the 
velocity gradient at the wall: Shear stress: T = 41.~ Q/a r3, 
where r = shear stress, p = absolute blood viscosity, Q = 
flow and r = segment radius (1). 
In contrast to rigid systems as studied in purely physical 
models, in physiologic systems rigidity gives way to compli- 
ance as modified primarily by the elasticity of the conduits. 
Thus, biologic adaptation influences fluid mechanics because 
of the adaptability and variability of biologic systems. 
Biologic mechanisms influencing hydrodynamics. These 
mechanisms are related to flow, viscosity and shear stress in 
flexible conduits and to the relation between shear stress and 
the caliber of vessels. A series of biologic properties of the 
vascular wall is responsible for the interrelation that distin- 
guishes physiologic from rigid physical systems. These bio- 
logic adjustments include primarily the role of cells of the 
vascular wall, the endothelial cells, which respond to shear 
stress by relaxing vascular smooth muscle, thus dilating 
conduit arteries and increasing flow (2-5). Shear stress is 
also responsible for endothelial cell shape, the stretch acti- 
vation of ion channels in vascular endothelium by mechan- 
ical forces, changes in vascular endothelial cell turnover and 
stimulation of arachidonic acid metabolites in human plate- 
lets (6-9). 
The effect of shear stress on vascular dilation has rele- 
vance to phenomena connected to autoregulation. Endothe- 
lial cells play a major role as mediators in this process 
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(2,3,10,11). Rubanyi et al. (3) found endothelium-dependent 
involvement of prostaglandins in flow-initiated dilation, but 
then suspected involvement of an endothelium-derived re- 
laxing factor (EDRF). Similar results were obtained by Pohl 
et al. (2), who concluded that the endothelium modulates 
vascular tone of conduit vessels. They maintained that 
circulating endothelium-derived relaxing factor released by 
the endothelium exerts a dilative response in an endotheli- 
urn-deprived segment. The nature of endothelium-derived 
relaxing factor has remained speculative. Although some 
authors believe it to be nitric oxide, others maintain that, in 
certain situations, changes in membrane fluidity may be 
sufficient to result in the formation of cyclic-guanidine mono- 
phosphate (GMP) and subsequent relaxation (12-14). 
The chain of events leading to increased vascular diam- 
eter with increasing flow in vessels has, therefore, been 
established. As seen from equation 1, an increase in how 
results in an increase in shear stress, leading to activation of 
endothelial cells with production of a signal that causes 
relaxation of vascular smooth muscle. Where conduit ves- 
sels are elastic, this increase in shear stress is limited by an 
endothelium-initiated increase in vascular diameter. 
What is the relation of shear stress toflow in atheroscle- 
rotic vessels? In atherosclerosis, an essentially flexible hy- 
drodynamic system is replaced by a more rigid one. Disten- 
sible vessels are replaced by rigid conduits that assume the 
aspect of a physical model deprived of flexibility, compli- 
ance and elasticity. In such a system an increase in flow is 
not compensated for by an increase in vessel diameter; as a 
result, there is a marked elevation of shear stress, because 
the damaged vascular endothelium has lost its ability to 
signal vascular smooth muscle to relax. 
The present study. It is this particular subject that Vita 
and coworkers (15) address. They have furnished experi- 
mental proof that, in conscious humans, normal coronary 
arteries dilate as shear stress increases, but this dilator 
response is impaired in atherosclerotic coronary arteries. 
Because these arteries fail to dilate, shear stress in athero- 
sclerotic segments nearly doubles. The authors cite evidence 
that the effect of pulsatility can be neglected in vessels of 
small caliber and low flow, such as human coronary arteries. 
There is no general agreement on this point. Ku et al. (16) 
found that, under steady flow conditions, atherosclerotic 
plaques tend to form in areas of lower rather than higher 
shear stress, but that, in addition, marked oscillations in the 
direction of wall shear may enhance atherogenesis. 
The central theme in the report by Vita et al. (15) is that 
excessive shear stress in atherosclerotic human coronary 
arteries produces pathologic changes in the function of 
endothelial cells. Disturbed ability of the endothelial cells to 
produce endothelium-derived relaxing factor prevents coro- 
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nary vasodilation and certainly plays an important role in 
atherosclerosis. Endothelial cell damage is also responsible 
for the diminished cyclic-GMP production by acetylcholine 
or lysophosphatidylcholine in atherosclerotic rabbit aortic 
strips reported by Wolf (17). The opinion of Vita et al. (15) 
that augmented shear stress has an important role in athero- 
sclerotic vessels is certainly valid, but one must consider 
several other causes for endothelial damage. It has been 
shown. for example, that chronic elevation of serum choles- 
terol induces a subtle form of endothelial injury. as ex- 
pressed in increased membrane viscosity. In addition, free 
radicals produced by polymorphonuclear leukocytes lead to 
oxidation of lipoproteins, which renders them toxic to endo- 
thelial cells. Beta-lipoproteins themselves may inhibit pro- 
duction of endothelium-derived relaxing factor (18,19) (Bas- 
senge E, personal communication, 1989). It has also been 
suggested (20,21) that the early morphologic changes in 
atherosclerosis with chronic hypercholesterolemia are re- 
lated to the interaction between monocytes-macrophages 
and endothelium. Finally. smooth muscle as a target organ 
may also be involved. Smooth muscle cells respond to 
chemotactic factors with hypertrophy and proliferate into 
the intima (22). 
Therefore, although atherosclerosis is a multifaceted con- 
dition. Vita et al. (15) have performed a distinct service by 
drawing our attention to the interrelation of physical and 
biologic events in its physiopathology. 
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